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ABSORBABLE TISSUE DRESSING
ASSEMBLIES, SYSTEMS, AND METHODS
FORMED FROM HYDROPHILIC POLYMER
SPONGE STRUCTURES SUCH AS CHITOSAN

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 60/959,641, filed Jul. 16, 2007
and entitled “Absorbable Tissue Dressing Assemblies, Sys-
tems, and Methods Formed From Hydrophilic Polymer
Sponge Structures Such as Chitosan.” This application 1s also
a continuation in part of U.S. patent application Ser. No.
11/485,886, filed Jul. 13, 2006, which 1s a continuation in part
of U.S. application Ser. No. 11/020,365 filed on Dec. 23, 2004
now abandoned, entitled “T1ssue Dressing Assemblies, Sys-
tems, and Methods Formed From Hydrophilic Polymer
Sponge Structures Such as Chitosan™; which 1s a continuation
in part of U.S. patent application Ser. No. 10/743,052, filed on
Dec. 23, 2003, now U.S. Pat. No. 7,371,403, entitled “Wound
Dressing and Method of Controlling Severe Life-Threatening
Bleeding™”; which 1s a continuation 1n part of U.S. patent
application Ser. No. 10/480,827, filed on Oct. 6, 2004, now

U.S. Pat. No. 7,482,503, enfitled “Wound Dressing and
Method of Controlling Severe Life-Threatening Bleeding,”

which was a national stage filing under 37 C.F.R. §371 of
International Application No. PCT/U502/18757, filed on Jun.

14, 2002, which are each incorporated herein by reference.

FIELD OF THE INVENTION

The invention 1s generally directed to tissue dressings
applied on a site of tissue injury, or tissue trauma, or tissue
access to ameliorate bleeding, fluid seepage or weeping, or
other forms of fluid loss, as well as provide a protective
covering over the site.

BACKGROUND OF THE INVENTION

HemCon® Bandages made and sold by HemCon Medical

Technologies Inc. (Portland, Oreg.) incorporate a chitosan
sponge matrix having superior adhesive properties and resis-
tance to dissolution 1n high blood flow, which make them well
suited for stanching of severe arterial blood flow.

There remains a need for improved absorbable hemostatic
dressings for temporary internal use (e.g. by application by
open or non-invasive procedures, such as laparoscopic pro-
cedures) or for implantation, which couple flexibility and
case ol use with robustness and longevity required for resist-
ing dissolution during use.

SUMMARY OF THE INVENTION

The mvention provides absorbable, supple, and densified
tissue dressing assemblies, systems and methods formed
from hydrophilic polymer sponge structures, such a chitosan.
The absorbable tissue dressing assemblies make possible
rapid bleeding control (usually within 1 to 2 minutes) in
internal bleeding situations, such as during surgery or as the
result of trauma, without using thrombin or other hemostatic
agents. The tissue dressing assemblies also provide antibac-
terial/antiviral protection; biocompatibility; and bioabsorb-
ability. The absorbable tissue dressing assemblies are tlexible
and conformable to tissue surfaces, and present a low/thin
profile (e.g., less than 1 mm). They are able to be cut to a
desirable size at the instant of use, and (11 desired) they can be
removed without tissue mjury or re-bleeding by saline soak-

10

15

20

25

30

35

40

45

50

55

60

65

2

ing. The absorbable tissue dressing assemblies make possible
the laparoscopic delivery of hemostatic intervention to con-
trol internal bleeding episodes during surgery or as a result of
trauma.

One aspect of the invention provides an absorbable tissue
dressing assembly comprising a tissue dressing matrix coms-
prising an absorbable hydrophilic polymer material, and a
flexible absorbable polymer film backing layer.

The flexible absorbable polymer film backing layer can
comprise, e.g., a mesh. The flexible absorbable polymer film
backing layer can be selected, e.g., from a group consisting of
clastomers composed of aliphatic polyurethanes, hyaluronic
acid, hvaluronates, and/or other types of absorbable aliphatic
polyesters, or a poly-hydroxyl butyrate material.

The absorbable hydrophilic polymer material can be
selected, e.g., from a group consisting of a polyacrylate, an
alginate, chitosan, a hydrophilic polyamine, a chitosan
derivative, polylysine, polyethylene imine, xanthan, carrag-
eenan, quaternary ammonium polymer, chondroitin sulfate, a
starch, a modified cellulosic polymer, a dextran, hyaluronan
or combinations thereof. The absorbable hydrophilic poly-
mer material can, €.g., comprise a chitosan material obtained
from anmimal crustacean shells.

In one embodiment, the tissue dressing matrix is sized and
configured to define a perimeter edge. In this arrangement,
the flexible absorbable polymer film backing layer can be
s1zed and configured to extend beyond the perimeter edge to
present a skirt of matenal to receive suture material or staples.

In one embodiment, the tlexible absorbable polymer film
backing layer 1s placed, at least 1n part, internally within the
tissue dressing matrix.

In one embodiment, the tissue dressing matrix can be sized
and configured to define an elongated strip having opposite
ends, so that the elongated strip can be wrapped around a site.
In this arrangement, the flexible absorbable polymer film
backing layer can be placed at one opposite end of the elon-
gated strip.

In one embodiment, one or more therapeutic agents can be
incorporated into the tissue dressing matrix.

Another aspect of the ivention provides a method com-
prising providing an absorbable tissue dressing assembly as
defined 1n any of the various embodiments 1dentified above,
and performing a surgical procedure using the absorbable
tissue dressing assembly. The surgical procedure can include,
¢.g., an abdominal aortic aneurysmectomy (AAA); spleen,
liver, kidney, or gallbladder surgeries; open heart/bypass pro-
cedures; hysterectomies; total joint arthoplasties, burns and
face lifts; radical neck dissections; trauma (gun shot, knife
wounds, wound debridement); spinal fusions/laminectomies;
bowel/colon resections; radial prostatectomies; and vascular
anastomoses.

Another aspect of the invention provides a method of
manufacturing an absorbable tissue dressing assembly as
defined 1n any of the various embodiments 1dentified above.
The method can include, e.g., subjecting a solution of a chi-
tosan hydrophilic polymer to phase separation by a controlled
freezing process, followed by a controlled water removal step
by freeze-drying or lyophilization to create the tissue dressing
matrix. The method can include, e.g., subjecting the tissue
dressing matrix, aiter freeze-drying or lyophilization, to a
densification process. The method can include, e.g., heating
the tissue dressing matrix, after densification. The method
can 1nclude, e.g., subjecting the tissue dressing matrix, after
freeze-drying or lyophilization, to a softening process.

Other features and advantages of the mvention shall be
apparent based upon the accompanying description, draw-
ings, and claims.
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DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective exploded view of a formed hydro-
philic sponge material desirably comprising a chitosan
matrix, which 1s sized and figured as a supple, densified tissue
dressing assembly.

FIG. 2 1s a perspective assembled view of the supple,
densified tissue dressing assembly shown 1n FIG. 1.

FIG. 3 1s a perspective view of a sealed pouch into which
the supple, densified tissue dressing assembly shown in FIG.
2 1s placed and sterilized prior to use by a caregiver.

FIG. 4 1s a perspective view of the pouch shown 1n FIG. 3
being opened by a caregiver to gain access to the supple,
densified tissue dressing assembly for use.

FIG. § 1s a perspective view of the supple, densified tissue
dressing assembly formed 1n different shapes and sizes.

FIG. 6 1s a perspective view of the supple, densified tissue
dressing assembly being cut to size at the instant of use.

FIG. 7 1s a perspective view illustrating how the supple,
densified tissue dressing assembly can be flexed, bent, folded,
twisted, and even rolled upon 1tself before and during use,
without creasing, cracking, fracturing, otherwise compromis-
ing the integrity and mechanical and/or therapeutic charac-
teristics of the matrix.

FIG. 8 1s a perspective view illustrating how the supply,
densified tissue dressing assembly can be wrapped a tissue
site, e.g., about a vessel to seal an anastomosis, without col-
lapsing the vessel on itsellf.

FI1G. 9 1s a perspective view of an embodiment of a supple,
densified tissue dressing assembly having a bio-adsorbable
backing layer sized to extend beyond the perimeter of the
assembly to present a skirt of material to receive suture mate-
rial or staples, to stabilize the tissue dressing assembly at the
application site.

FIGS. 10 and 11 are perspective view of another embodi-
ment of a supple, densified tissue dressing assembly having a
bio-absorbable backing placed, at least in part, internally
within the assembly, extending beyond the periphery of the
assembly (as shown 1n FIG. 10) to recetve suture material or
staples, or be placed within the confines of the assembly (as
shown 1n FIG. 11), through which the suture material or
staples are passed.

FIGS. 12A and 12B are perspective views ol another
embodiment of a supple, densified tissue dressing assembly
having a strip of biomaterial placed at one end of the assembly
(with no such biomaterial at the opposite end of the assem-
bly), which can be used when it 1s desirable to wrap the tissue
dressing assembly in multiple layers around a site, e.g., to seal
anastomosis from bleeding (as FIG. 12B shows).

FI1G. 13 15 a perspective view of a mold 1n which a hydro-
philic sponge material desirably comprising chitosan can be
tformed by freezing and freeze-drying, and subsequently sub-
ject to densification and softening, to form the supple, densi-
fied tissue dressing assembly shown 1n FIG. 1.

FIG. 14 1s a perspective view of a measured volume of
chitosan solution being placed into the mold shown in F1G. 13
prior to freezing.

FIG. 15 1s a perspective view of a freezer in which the
chitosan solution, after having been placed into a mold as
shown in FI1G. 14, 1s subjected to a prescribed freezing regime
and subsequent freeze drying step.

FIG. 16A 1s a diagrammatic side section view of a desirable
chitosan matrix that 1s formed as a result of the prescribed
freezing regime and a subsequent freeze drying step within
the freezer shown 1n FI1G. 15, which includes a freezing delay
interval.
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4

FIG. 16B 1s a diagrammatic side section view of a chitosan
matrix that 1s formed by a freezing regime and subsequent

freeze drying that does not include a freezing delay interval,
which results in the creation of a chitosan matrix structure
characterized by the presence of unconnected, closed sphero-
lites.

FIG. 17 1s a graph showing the phases of a prescribed
freezing regime, including a freezing delay interval, that
results 1n the creation of a desirable chitosan matrix structure
of the type shown 1n FIG. 16A.

FIG. 18 1s a perspective view of the removal of a supple,
chitosan matrix structure from the mold after undergoing the
freezing regime shown in FIG. 17 as well as a subsequent
prescribed freeze-drying process.

FIG. 1915 aperspective view showing tlexure of the supple,

chitosan matrix structure after removal from the mold, as
shown 1n FIG. 18.

FIGS. 20A, 20B, and 20C show the densification of the
supple, chitosan matrix structure shown in FIG. 19, to create
a supple, densified chitosan matrix structure.

FIG. 21 1s a perspective view of an oven which precondi-
tions the supple chitosan matrix structure after densification.

FIG. 22 1s a perspective view of a softeming machine, which
subjects the supple, preconditioned, and densified chitosan
matrix structure shown i FIG. 19C to gentle, systematic
mechanical softening along its transverse axis (width ), which
improves its inherent suppleness and compliance.

FI1G. 23 1s a side view ol the array ol upper and lower rollers
that form a part of the soitening machine shown 1n FIG. 22.

FIG. 24 1s a more diagrammatic, side view of the array of
upper and lower rollers shown 1n FIG. 23, with the supple,
densified chitsan matrix structure traversing the serpentine
path between the upper and lower rollers.

FIG. 2515 a side view of an optional second softening array,
which can be arranged either before or after the first array of
upper and lower rollers shown in FIGS. 23 and 24, to com-
press or knead the supple densified chitosan matrix structure
along 1ts longitudinal axis.

FIG. 26 1s a more diagrammatic, side view of the second
soltening array shown 1n FIG. 25, with the supple, densified
chitsan matrix structure traversing the serpentine path
between the upper and lower wheels of the second softening
array.

DETAILED DESCRIPTION

Although the disclosure hereof 1s detailed and exact to
enable those skilled in the art to practice the invention, the
physical embodiments herein disclosed merely exemplity the
invention, which may be embodied in other specific structure.
While the preferred embodiment has been described, the
details may be changed without departing from the invention.
I. Absorbable Tissue Dressing Assembly

A. Overview

FIGS. 1 and 2 show a representative embodiment of an
absorbable tissue dressing assembly 10 that embodies fea-
tures of the invention. By “absorbable,” it 1s meant that the
assembly 10 1s bioabsorbable and/or biodegradable and will,
in time after placement within body tissue, be broken down
and/or resorbed by the body’s natural processes. As shown,
the absorbable tissue dressing assembly 10 comprises a rela-
tively thin and supple tissue dressing matrix 12 (shown FIG.
1) comprising a hydrophilic polymer that can be character-
ized as a supple sponge structure. The absorbable tissue
dressing assembly also includes a backing layer 14, which
overlays one surface of the tissue dressing matrix 12. Desir-
ably, the tissue dressing matrix 12 and the backing 14 possess
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different colors (e.g., a standard absorbable dressing indicat-
ing violet dye), textures, or are otherwise visually and/or
tactilely differentiated, to facilitate recogmition by a car-
cgIver.

The absorbable tissue dressing assembly 10 1s sized and
configured as an adherent, hemostatic dressing for the rapid
control ol internal bleeding during surgery, in particular when
ligature or conventional procedures are ineffective or imprac-
tical. The tissue dressing assembly 10 comprises a low pro-
file, highly conformable, adherent sheet, which allows con-
trol of local and/or diffuse internal bleeding without the need
for clamping or bulky packing. The size, configuration, and
mechanical and physical properties of the absorbable tissue
dressing assembly 10 make possible the laparoscopic deliv-
ery ol hemostatic intervention to control internal bleeding
episodes during surgery or as a result of trauma, e.g., during
laproscopic partial nephrectomy (LPN).

As FIG. 3 shows, the tissue dressing assembly 10 1s desir-
ably vacuum packaged 1n an air-tight heat sealed foil-lined
pouch 16. The tissue dressing assembly 10 1s subsequently
terminally sterilized within the pouch 16 by use of gamma
irradiation. As FIG. 4 shows, the pouch 16 1s configured to be
peeled opened by the caregiver at the instant of use.

B. The Tissue Dressing Matrix

The tissue dressing matrix 12 desirably includes a hydro-
philic polymer material that 1s selected to actively promote
clotting rather than just passively soaking up blood. The
hydrophilic polymer 1s elected to comprise a matenial that
adheres to tissue in the presence of blood, or body fluids, or
moisture. The tissue dressing assembly 10 can thus be used to
stanch, seal, and/or stabilize a surgical bleeding site against
bleeding, fluid seepage or weeping, or other forms of fluid
loss.

The tissue dressing matrix 12 may comprise a hydrophilic
polymer material, such as a polyacrylate, an alginate, chito-
san, a hydrophilic polyamine, a chitosan derivative, polyl-
ysine, polyethylene imine, xanthan, carrageenan, quaternary
ammonium polymer, chondroitin sulfate, a starch, a modified
cellulosic polymer, a dextran, hyaluronan or combinations
thereof. The starch may be of amylase, amylopectin and a
combination of amylopectin and amylase.

The biocompatible material of the matrix 12 preferably
comprises the non-mammalian material poly [B-(1—=4)-2-
amino-2-deoxy-D-glucopyranose, which 1s more commonly
referred to as chitosan. The chitosan can be processed in
conventional ways from chitin obtained from animal crusta-
cean shells, for example, shrimp. Chitosan 1s biocompatible
and 1s biodegradable within the body, being broken down into
glucosamine, a benign material.

The chitosan matrix 12 presents a robust, permeable, high
specific, positively charged surface. The positively charged
surface creates a highly reactive surface for red blood cell and
platelet interaction. Red blood cell membranes are negatively
charged, and they are attracted to the chitosan matrix 12. The
cellular membranes fuse to chitosan matrix 12 upon contact.
A clot can be formed very quickly, circumventing immediate
need for clotting proteins that are normally required for
hemostasis. For this reason, the chitosan matrix 12 1s effective
for both normal as well as anti-coagulated individuals, and as
well as persons having a coagulation disorder like hemo-
philia. The chitosan matrix 12 also binds bacteria, endotox-
ins, and microbes, and can kill bacteria, microbes, and/or
viral agents on contact. The chitosan matrix 12 1s biocompat-
ible. The chitosan matrix 12 1s biodegradable within the body
and 1s broken down 1nto glucosamine, a benign substance, 1n
about 4 to 6 months.
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The particular size, shape, and configuration of the tissue
dressing matrix 12 can, of course, vary according to 1its
intended use. As will be described 1n greater detail later, the
tissue dressing matrix 12 can be pre-shaped during manufac-
ture. As FIG. 5 shows, the tissue dressing matrix can be
formed 1n various sizes, for example, 1n round patches 2 to 3
inches 1n diameter, or in rectilinear patches, e.g., 4 inch by 4
inch, or 2 inch by 2 inch, or 2 inch by 4 1inch; or as an elongated
strip, which can be cut to size at the 1nstant of use, as FIG. 6
shows.

The thickness of the tissue dressing matrix 12 can also be
controlled during manufacture, as will be described in greater
detail later. Desirably, the tissue dressing assembly 10
includes a thin and inherently supple chitosan matrix 12 (e.g.,
between 1.0 mm to 2.0 mm). The suppleness lends compli-
ance and multi-dimensional flexibility. As FIG. 7 shows, the
matrix 12 can be flexed, bent, folded, twisted, and even rolled
upon 1tself before and during use, without creasing, cracking,
fracturing, otherwise compromising the integrity and
mechanical and/or therapeutic characteristics of the matrix
12.

The thin, compliant nature of the matrix 12 provides for
optimal ease of application 1n terms of dressing tlexibility and
also for optimal likelithood of success 1n terms of attaching a
strong, compliant, hemostatic matrix on or around the appli-
cation site. The thin, compliant nature of the matrix 12 also
makes 1t possible to wrap the dressing 10 about a site (see
FIG. 8) (e.g., about a vessel to seal an anastomosis, or repair-
ing accidental damage to the inferior vena cava during sur-
gery), without collapsing the vessel on 1tself. A thin, compli-
ant chitosan matrix 12, when dry prior to use, will become
rapidly even more compliant when wetted with blood allow-
ing for minimal loading on the vessel or application site
during application.

C. The Backing Layer

The absorbable tissue dressing assembly 10 includes a
flexible absorbable polymer film or mesh backing layer 14,
which 1s attached to one side of the chitosan matrix 12, e.g.,
by melt adherence or solution casting. The flexible polymer
film or mesh backing layer 14 can be attached or bonded by
direct adhesion with a top layer of chitosan matrix 12. Alter-
natively, an adhesive such as 3M 9942 Acrylate Skin Adhe-
stve, or fibrin glue, or cyanoacrylate glue can he employed.

The flexible polymer film or mesh backing layer 14 pro-
vides enhanced mechanical strength and impermeablity to
leakage. The flexible polymer film or mesh backing layer 14
also provides an anti-adhesion barrier and a non-adherence
outside surface.

The flexible polymer mesh backing layer 14 can include
various materials, including, but are not limited to, bio-ab-
sorbable, biocompatible elastomers composed of aliphatic
polyurethanes, hyaluronic acid, hyaluronates, and/or other
types of absorbable aliphatic polyesters, or a poly-hydroxyl
butyrate material. The flexible polymer mesh backing layer
14 can comprise a woven material, including a woven nano-
fiber material or a woven micro-fiber material. A mesh back-
ing later 14 made from a woven nano-fiber material or a
woven micro-fiber material presents an increased surface area
that can accelerate biodegradation.

In a representative embodiment, the backing layer 14 com-
prises poly-4-hydroxy butyrate biomaterial, commercially
available as TephaFlex™ Material manufactured by Tepha
Inc. In this arrangement, the poly-4-hydroxy butyrate bioma-
terial comprises a strong, pliable thermoplastic mesh material
with a tensile strength of 50 MPa, tensile modulus o1 70 MPa,
clongation to break of ~1000%, and hardness (Shore D) of

52.8. The poly-4-hydroxy butyrate biomaterial 1s biocompat-
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ible. In vivo, the biomaterial 1s hydrolyzed to 4-hydroxybu-
tyrate, a natural human metabolite, present normally 1n the
brain, heart, lung, liver, kidney, and muscle. This metabolite
has a hali-life of just 35 minutes, and 1s rapidly eliminated
from the body (via the Krebs cycle) primarily as expired
carbon dioxide.

As FIG. 9 shows, the tlexible bio-adsorbable backing layer
14 can be s1zed to extend beyond the perimeter of the chitosan
matrix 12. In this arrangement, the backing layer 14 presents
a skirt of material to receive suture material or staples, to
stabilize the tissue dressing assembly 10 at the application
site. Alternatively, the suture material or staples can be
inserted through the chitosan matrix 12 itself.

As FIGS. 10 and 11 show, the biomaterial of the backing 14
can be placed, at least 1n part, internally within the chitosan
matrix 12. The material can, like FIG. 9, extend beyond the
periphery of the chitosan matrix 12 (as shown 1n FIG. 10) to
receive suture material or staples, or be placed within the
coniines of the chitosan matrix 12 (FI1G. 11), through which
the suture material or staples are passed.

As shown 1n FIG. 12A, 1n an alternative embodiment, a
strip of the biomaterial of the backing layer can be placed at
one end of a thin, elongated chitosan matrix 12, with no such
biomateral at the opposite end of the matrix 12. This arrange-
ment can be used when it 1s desirable to wrap the tissue
dressing assembly 10 1n layers around a site, e.g., to seal
anastomosis from bleeding or to repair accidental damage to
the inferior vena cava during surgery. In this arrangement, the
length of the dressing could be designed for use on large
vessels with cutting to size of the dressing by a surgeon. The
chitosan matrix 12 adheres to 1itself when wetted with blood
and allowing for at least multiple thin layers of encirclement
of the anastomosis or vascular repair site by the dressing
assembly 10, as FIG. 12B shows.

It should also be appreciated that, for certain indications,
an absorbable tissue dressing assembly 10 may be provided
without a backing layer. The absence of a backing layer may
be advantageous 1n certain situations, €.g., when stulling the
dressing assembly into a small depressed wound, or when
approximating two suriace together with a layer of adhesive
chitosan between them.

D. Representative Indications

The absorbable tissue dressing assembly 10 can be used
during diverse types of surgical procedures with a high 1nci-
dence of potentially dangerous bleeding, in place of or 1n
association with conventional hemostatic techniques, e.g.,
use of gauze, sponges, dressings, electrocautery, sutures, liga-
tures, staples, and sealants.

Hlustrative surgical procedures where the absorbable tissue
dressing assembly 10 can be used mnclude abdominal aortic
aneurysmectomy (AAA); spleen, liver, kidney, or gallbladder
surgeries; open heart/bypass procedures; hysterectomies;
total joint arthoplasties, burns and face lifts; radical neck
dissections; trauma (gun shot, knife wounds, wound debride-
ment); spinal fusions/laminectomies; bowel/colon resec-
tions; radial prostatectomies; and vascular anastomoses. The
s1ze, configuration, and mechanical and physical properties
of the absorbable tissue dressing assembly 10 make possible
the laparoscopic delivery of hemostatic intervention to con-
trol internal bleeding episodes during surgery or as a result of
trauma, €.g., during laproscopic partial nephrectomy (LPN).
I1. Manufacture of the Absorbable Tissue Dressing Assembly

A. Overview

As will be described 1n greater detail later, the hydrophilic
polymer matrix 12 is created by subjecting a solution of the
chitosan hydrophilic polymer to phase separation by a con-
trolled freezing process, followed by a controlled water
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removal step by freeze-drying or lyophilization. As will be
described in greater detail later, the parameters of the freezing
and lyophilization processes are controlled to create a supple
sponge-like structure for the chitosan matrix 12. Due to its
inherent suppleness, the chitosan matrix 12 1s not stiff or
brittle. It possesses an iherent capability for flexure and/or
twisting without compromising 1ts structural integrity and
mechanical and therapeutic properties. As will also be
described later, the inherent suppleness of chitosan matrix 12
can also be further enhanced by a mechanical softening pro-
Cess.

As will also be described later, the density of the particular
chitosan structure of the matrix 12 following freezing and
freeze drying 1s desirably increased by a mechanical densifi-
cation process. The mechanical densification process imparts
enhanced adhesion strength, cohesion strength and dissolu-
tion resistance of the matrix 12 1n the presence of blood or
body fluids.

B. Representative Manufacturing Process

With reference to FIGS. 13 to 26, a desirable methodology
for making the tissue dressing assembly 10 will now be
described. It should be realized, of course, that other meth-
odologies can be used.

1. Preparation of a Chitosan Solution

In a preferred embodiment, the matrix 12 comprises poly
[B(1—=4)-2-amino-2-deoxy-D-glucopyranose, commonly
referred to as chitosan. The chitosan selected for the matrix 12
preferably has a weight average molecular weight of weight
of greater than about 60 kDa, and at least about 100 kDa, and
more preferably, of at least about 1350 kDa. Most preferably,
the chitosan has a weight average molecular weight of at least
about 300 kDa.

The chitosan used to prepare the chitosan solution prefer-
ably has a fractional degree of deacetylation greater than 0.60
but less than 0.97. Most preferably the chitosan has a frac-
tional degree of deacetylation greater than 0.85 but less than
0.93. Preferably the chitosan selected for processing into the
matrix has a viscosity at 25° C. 1 a 1% (w/w) solution of 1%
(w/w) acetic acid (AA) with spindle LVI at 30 rpm, which 1s
about 100 centipoise to about 2000 centipoise. More prefer-
ably, the chitosan has viscosity at 25° C. 1n a 1% (w/w)
solution of 1% (w/w) acetic acid (AA) with spindle LVI at 30
rpm, which 1s about 125 centipoise to about 1000 centipoise.
Most preferably, the chitosan has viscosity at 25° C. 1mm a 1%
(w/w) solution of 1% (w/w) acetic acid (AA) with spindle
LV1 at 30 rpm, which 1s about 300 centipoise to about 850
centipoise.

In forming the matrix 12, the chitosan 1s desirably placed
into solution with an acid, such as citric acid, glutamic acid,
lactic acid, formic acid, hydrochloric acid and/or acetic acid.
Among these, hydrochloric acid and acetic acid are most
preferred, because chitosan acetate salt and chitosan chloride
salt resist dissolution 1n blood whereas chitosan lactate salt
and chitosan glutamate salt do not. Larger molecular weight
(Mw) anions disrupt the para-crystalline structure of the chi-
tosan salt, causing a plasticization effect in the structure (en-
hanced flexibility). Undesirably, they also provide for rapid
dissolution of these larger Mw anion salts 1n blood.

The chitosan solution 1s preferably prepared at 25° C. by
addition of water to solid chitosan flake or powder and the
solid dispersed in the liquid by agitation, stirring or shaking.
On dispersion of the chitosan in the liquid, the acid compo-
nent 1s added and mixed through the dispersion to cause
dissolution of the chitosan solid. The rate of dissolution will
depend on the temperature of the solution, the molecular
weilght of the chitosan and the level of agitation. Preferably
the dissolution step 1s performed within a closed tank reactor
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with agitating blades or a closed rotating vessel. This ensures
homogeneous dissolution of the chitosan and no opportunity
for high viscosity residue to be trapped on the side of the
vessel. Preferably the chitosan solution percentage (w/w) 1s
greater than 0.5% chitosan and less than 2.7% chitosan. More
preferably the chitosan solution percentage (w/w) 1s greater
than 1% chitosan and less than 2.3% chitosan. Most prefer-
ably the chitosan solution percentage 1s greater than 1.5%
chitosan and less than 2.1% chitosan. Preferably the acid used
1s acetic acid. Preferably the acetic acid 1s added to the solu-
tion to provide for an acetic acid solution percentage (w/w) at
more than 0.8% and less than 4%. More preferably the acetic
acid 1s added to the solution to provide for an acetic acid
solution percentage (w/w) at more than 1.5% (w/w) and less
than 2.5%.

2. Degassing the Aqueous Chitosan Solution

If desired, the chitosan biomaterial may be degassed of
general atmospheric gases. Typically, degassing 1s removing
suificient residual gas from the chitosan biomaterial so that,
on undergoing a subsequent freezing operation, the gas does
not escape and form unwanted large voids or large trapped gas
bubbles in the subject wound dressing product. The degassing,
step may be performed by heating a chitosan biomaterial,
typically in the form of a solution, and then applying a
vacuum thereto. For example, degassing can be performed by
heating a chitosan solution to about 45° C. immediately prior
to applying vacuum at about 500 mTorr for about 5 minutes
while agitating the solution.

In one embodiment, certain gases can be added back into
the solution to controlled partial pressures after initial degas-
sing. Such gases would include but are not limited to argon,
nitrogen and helium. An advantage of this step 1s that solu-
tions containing partial pressures of these gases form micro-
voids on freezing. The microvoid is then carried through the
sponge as the ice-front advances. This leaves a well defined
and controlled channel that aids sponge pore mterconnectiv-
ity.

3. Freezing the Aqueous Chitosan Solution

The form producing steps for the chitosan matrix 12 are
typically carried out from the solution. The form producing
steps can he accomplished employing techniques such as
freezing (to cause phase separation), non-solvent die extru-
s1on (to produce a filament), electro-spinning (to produce a
filament), phase mversion and precipitation with a non-sol-
vent (as 1s typically used to produce dialysis and filter mem-
branes) or solution coating onto a preformed sponge-like or
woven product.

In a preferred embodiment, the chitosan biomaterial—now
in acid solution and, 1f desireds, degassed, as described
above—is subjected to a form producing step that includes a
controlled freezing process. The controlled freezing process
1s carried out by cooling the chitosan biomaterial solution
within a mold 22.

The mold 22 can be variously constructed. As shown in
FIG. 13, the mold can be made from a metallic matenal, e.g.,
Mic 6 aluminum, although other metallic materials and alloys
can be used, such as iron, nickel, silver, copper, titanium,
titanium alloy, vanadium, molybdenum, gold, rhodium, pal-
ladium, platinum and/or combinations thereof.

In a representative embodiment, the mold 22 measures
overall 30 inches by 9.8 inches, and 1s compartmentalized
into three mold chambers 24(1), 24(2), and 24(3), each 3
inches 1n width and 0.051 1nch 1n depth. The mold chambers
24(1), 24(2), and 24(3) are desirably coated with a thin,
permanently-bound, fluorinated release coating formed from
polytetrafluoroethylene (‘Tetlon), fluorinated ethylene poly-
mer (FEP), or other fluorinated polymeric materials.
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As FIG. 14 shows, a preselected volume of the chitosan
biomatenal solution 1s conveyed from a source 26 1nto each
mold chamber 24(1), 24(2), and 24(3) using, €.g., a positive
displacement pump 28. Given the mold dimensions disclosed
above, 1n a representative embodiment, 4350 gr +/-13 of chi-
tosan biomaterial solution can be conveyed into each mold
chamber 24(1), 24(2), and 24(3). Adding a lesser volume of
the chitosan biomaterial solution will result 1n a matrix that,
alter molding, possesses a thinner cross section and therefore
an ultimately thinner finished matrix 12.

The mold 22 and chitosan biomaterial solution are then
placed 1n racks 30 within a freezer 32 (FIG. 15). On the racks

30, the bottom of each mold chamber 24(1), 24(2), and 24(3)
1s placed into thermal contact with a cooling surtface. A micro-
processor controller 34 carries out the prescribed steps of the
freezing process control algorithm.

Within the freezer 32, under the control of the controller
34, the temperature of the chitosan biomaterial solution 1s
ultimately lowered from room temperature (e.g., about 20°
C.) to a final temperature well below the freezing point (e.g.,
minus 40° C.). The chitosan biomaterial solution within each
mold chamber 24(1), 24(2), and 24(3) loses heat through the
plate cooling surface and ultimately freezes. In this process,
the chitosan biomaterial solution undergoes phase separation,
which begins to form the desired structure of the matrix.

In a preferred embodiment, during the downward transi-
tion in temperatures from room temperature to the final freez-
ing temperature, under the control of the controller 34, the
freezing process desirably starts by equalizing the tempera-
tures of the shelf, mold, biomaterial solution, and surrounding
air at room temperature and then lowers the temperature of
the shelf, mold, biomaterial solution, and air at approximately
the same rate to achieve uniform nucleation during phase
separation. It 1s believed that the desired cooling rate to
achieve uniform nucleation is less than about 0.5° C./min. It
1s to be appreciated that the cooling rate 1s a negative number,
because the temperature 1s dropping from room temperature
to a colder freezing temperature. As expressed above, a cool-
ing rate of 1.0° C./min 1s considered a greater negative rate
and therefore not less than a cooling rate of 0.5° C./min.
Conversely, a cooling rate of 0.3° C./min 1s considered a
lesser negative rate and therefore 1s less than 0.5° C./min.

There are various ways for achieving this desired cooling
rate and umformity of temperature conditions among the
shelfl, mold, biomaterial solution, and air, depending upon the
mechanical and operational characteristics and capabilities of
the particular freeze dryer 32, e.g., its compressor capability
(affecting the cooling rate) and heat flow homogeneity of the
cooling chamber.

In a representative embodiment, the desired cooling rate
and uniformity of temperature conditions i1s achieved by
including a delay interval. During the delay interval, the con-
troller 34 commands an intermediate temperature condition
at a prescribed magnitude above the freezing point, which 1s
held for a prescribed period of time before dropping the
temperature to the final freezing temperature.

It has been discovered that imposing a prescribed delay
interval in the freezing regime, or otherwise lowering the
shelf, mold, biomaterial solution, and air temperature at
approximately the same desired cooling rate, results 1n a
supple chitosan sponge structure that is less stiff and brittle,
and more readily accommodates flexure without fracturing
the sponge structure. In comparison, 1t has been observed that
a Ireezing regime that transitions temperatures from room
temperature to a temperature well below the freezing point,
without imposing a delay interval at an intermediate tempera-
ture condition above the freezing point, or otherwise lowering
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the shelf, mold, biomaterial solution, and air temperature at
approximately the same desired cooling rate, results 1n a
chitosan sponge structure that 1s more stiff and brnttle, and
therefore less able to accommodate extreme flexure without
fracturing.

The delay interval produces a preferred structure for the
chitosan matrix 12 of a type shown 1n FIGS. 16A and 16B.
This preterred structure 1s formed by a combined spherulitic
and lamella nucleation of crystalline 1ce and 1ts subsequent
phase separation from the other solution components of acid
and chitosan.

Inthe absence of the delay interval and achieving an overall
solution cooling rate near or greater than about 0.5° C./min,
there 1s a predominance of lamella structure. Generally 1t 1s
possible to cause predominant lamella nucleation of 1ce crys-
tals by preferentially cooling one side of a mold containing a
warm aqueous solution such that, with time, all of the solution
in the mold 1s cooled. As the ice crystals form and separate
from the solution, individual lamella or sheets of 1ce grow
upward into the cooling solution. On removal of the ice by
freeze-drying, the lamella type of nucleation provides for
open phase separated structures. Lamella type structures have
desirable characteristics, e.g., they are highly permeable; they
are easily freeze-dried for rapid removal of 1ce; they have a
relatively large pore size (20 micron) between lamella; and
they can be tlexible, depending on lamella orientation. How-
ever, lamella type structures are often formed of weakly
bound regions that are prone to cracking; lamella type struc-
tures can be stifl, depending on lamella onientation; and the
specific surface area of lamella type structure can be rela-
tively low.

It has been observed that the resting temperature and time
of the delay interval allows for promotion of spherulitically
nucleated structure within the lamella structure. Spheruliti-
cally nucleated structure both complements and modifies the
normal lamella chitosan sponge structure. Spherulitic nucle-
ation of 1ce 1s generally caused by uniformly cooling an
aqueous solution to below 1ts freezing point so that there 1s a
uniform burst of ice crystals throughout the solution. The
advantages of spherulitically nucleation type structures, once
freeze dried, include (1) they are highly uniform; (1) they can
have a large specific surface area; (111) they resist cracking;
and (1v) they have uniform strength. The inclusion of the
delay interval and the hybrid lamella and spherulitically
nucleation type structures that result, provide, after freeze
drying, a matrix having improved crack resistance and dress-
ing strength uniformity (1.e., suppleness), while retaining
sponge permeability.

As shown in FIG. 17, the delayed freezing regime 40
implemented by the controller 34 includes lowering the chi-
tosan biomaterial solution temperature from room tempera-
ture to a final temperature below the freezing point, and
includes at least one intermediate delay interval 42 that holds
a temperature condition for a prescribed period of time at a
prescribed increment above the freezing point.

In the illustrated embodiment, the freezing regime 40
includes a first interval 44 that maintains a desired start tem-
perature at or near room temperature (e.g., 20° C.) for a
prescribed period of time (e.g., 10 minutes). This assures that
the chitosan biomaterial solutions present 1n all the molds 22
begin the freezing regime 40 at generally the same equilib-
rium condition.

The freezing regime 40 next drops the temperature to the
intermediate temperature, which 1s held during the delay
interval 42. The intermediate temperature i1s desirably
between 2° C. and 10° C. The delay interval 42 1s desirably

between 20 minutes and 40 minutes. In a representative
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embodiment, the intermediate temperature 1s 5° C. and the
delay interval 42 1s 30 minutes.

It 1s believed that the delay interval 42 moderates the mag-
nitude of the thermal gradient at the outset of phase separa-
tion, as nucleation begins and the spherulites form 1n the
solution. The prescribed intermediate temperature and the
duration of delay interval 42 result, at least for a portion of the
delay interval 42, in a thermal gradient that approaches zero.
In the presence of a low thermal gradient, 1t 1s believed that
nucleation occurs more uniformly through the volume of
chitosan biomaterial solution, allowing adjacent spherulites
to form and connect and then open as lamella form, before the
chitosan biomaterial solution 1s exposed to rapid freezing.

The freezing regime 40 includes a final interval 46 that
lowers the temperature from the mtermediate temperature to
the desired final temperature, which 1s maintained for a pre-
scribed period. In a representative embodiment, the final tem-
perature 1s minus 40° C., and the prescribed period of time 1s
50 minutes.

During between each interval 44, 42, and 46 of freezing
regime 40, the temperatures may be lowered over a predeter-
mined time period. For example, the freezing temperature of
a chitosan biomaterial solution may be lowered from room
temperature to the intermediate temperature, or ifrom the
intermediate temperature to the final temperature by plate
cooling application of a constant temperature cooling ramp of
between about -0.4° C./mm to about 0.8° C./mm.

4. Freeze Drying the Chitosan/Ice Matrix

The frozen chitosan/ice matrix desirably undergoes water
removal (drying) from within the interstices of the frozen
material. This water removal or drying step may he achieved
without damaging the structural integrity of the frozen chito-
san biomaterial. This may be achieved without producing a
liquid phase, which can disrupt the structural arrangement of
the ultimate chitosan matrix 12. Thus, the ice in the frozen
chitosan biomaterial passes from a solid frozen phase into a
gas phase (sublimation) without the formation of an interme-
diate liquid phase. The sublimated gas 1s trapped as 1ce 1n an
evacuated condenser chamber at substantially lower tempera-
ture than the frozen chitosan biomaterial. Since the spheru-
litically nucleated structures that are desirably present within
the matrix 12 often retain considerable moisture due to an
impermeable shell structure that forms around the ice core,
conditions must be maintained during the water removal step
to keep the matrix temperature below 1ts collapse tempera-
ture, 1.¢., the temperature at which the ice core within the
structure could melt before 1t 1s sublimated.

The preferred manner of implementing the water removal
step or drying 1s by freeze-drying, or lyophilization within the
freezer 32. Freeze-drying of the frozen chitosan biomaterial
can be conducted by further cooling the frozen chitosan bio-
material. Typically, a vacuum 1s then applied. Next, the evacu-
ated frozen chitosan material 1s subject to ramped heating
and/or cooling phases in the continued presence of a vacuum.

In a representative embodiment, following the freezing
regime 40, freeze drying conditions are maintained for
removing water without collapse of the matrix 12. In a rep-
resentative embodiment, for example, a prescribed freeze
drying temperature, ¢.g., minus 50° C. 1s maintained for a
preferred time period (e.g., between 1 and 3 hours), while a
vacuum, €.g., 1n the amount of about 170 mTorr, 1s applied
during this time.

Further freeze drying at higher temperatures may be con-
ducted during subsequent drying phases, while maintaining
vacuum pressure. The times and temperatures of the drying
phase can change depending upon fill volume, mold configu-
ration, lyophilizer capabilities, etc. Step changes are made to
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keep the matrix temperature below its collapse temperature.
The temperature of the matrix 12 1s kept as high as possible
during the drying phases, but still below the collapse tempera-
ture, to provide the shortest cycle time possible. The shelf
temperature 1s ramped up and then down again because high
rates of initial sublimation cools the matrix temperature, and
as sublimation wanes, matrix temperature increases.

In a representative subsequent primary drying phase, the
temperature 1s (1) ramped over a period of 80 minutes to 30°
C., which 1s then held for 110 minutes; (11) then lowered over
a period of 25 minutes to 14° C., (111) then further lowered
over a period of 180 minutes to minus 6° C., and (1v) then
turther lowered over a period of 180 minutes to minus 9° C.,
which 1s held for a period of 420 minutes. In a representative
embodiment subsequent secondary drying phase, the tem-
perature (1) ramped over a period of 120 minutes to 33° C.,
which 1s then held for 780 minutes; and (11) and then lowered
back to room temperature (20° C.) and held for a period 0130
minutes.

As shown 1n FIGS. 18 and 19, the formed, freeze dried
matrix 12 can be removed from the mold chamber 24 (1),
24(2), and 24(3). When removed from the mold chamber
24(1), 24(2), and 24(3) (see FIG. 19), the formed, freeze-
dried matrix 12 measures 28 inches by 2.75 inches, with a
thickness of about 0.23 to 0.28 inches. When removed from
the mold (see FIG. 19), the formed matrix 12 exhibits inher-
ently suppleness, 1.e., 1t possesses the inherent flexibility and
lack of brittleness and stifiness as described above.

When removed from the mold chamber, the dry chitosan
matrix 12 has a density at or near about 0.03 g/cm” as a result
of the freezing regime 40. For purposes of description, this
structure will be called an “uncompressed chitosan matrix.”

5. Densification of the Chitosan Matrix

In the 1llustrated embodiment, the uncompressed chitosan
matrix (FI1G. 19) 1s desirably subject to a densification pro-
cess. The densification process increases the density of the
uncompressed chitosan matrix to a threshold density greater
than or equal to 0.1 g/cm”. It has been observed that a chitosan
matrix at or greater than the threshold density do not readily
dissolve 1n flowing blood at 37° C. Following the densifica-
tion step, the chitosan matrix 12 can be characterized as a
supple densified chitosan matrix. A representative target den-
sity for the supple, densified chitosan matrix 1s about 0.1
g/cm’.

The densification step can be accomplished in various
ways. In a representative embodiment (see FIGS. 20A, 20B,
and 20C), the uncompressed chitosan matrix (FIG. 20A) 1s
placed mside a compression device 48. Inside the device 48,
the uncompressed chitosan matrix 12 1s compression loaded
between heated platens 50 (FIG. 20B). The compression tem-
perature 1s preferably not less than about 60° C., more pret-
erably 1t 1s not less than about 75° C. and not more than about
85° C.

The compression load of the heated platens S0 reduces the
thickness of the uncompressed matrix 12 from about 0.23 to
0.28 1inches to about 0.036 inch. The compression load
thereby increases the density of the uncompressed matrix
from about 0.03 g/cm” to a target density, e.g., about 0.2
g/cm’. The supple densified chitosan matrix 12 (FIG. 20C) is
formed.

It has been observed that the densification process imparts
to the densified chitosan matrix 12 significantly increased
adhesion strength, cohesion strength and dissolution resis-
tance 1n the present of blood and liquids.

6. Preconditioning the Densified Chitosan Matrix

The dry chitosan matrix 12—now densified—is next pret-
erably preconditioned by heating the densified supple chito-
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san matrix in an oven 70 (see FIG. 21). The oven 70 can be
operated at a temperature of preferably up to about 75° C.,
more preferably to a temperature of up to about 80° C., and
most preferably to atemperature of preferably up to about 85°
C. Preconditioning 1s typically conducted for a period of time
up to about 0.25 hours, preferably up to about 0.35 hours,
more preferably up to about 0.45 hours, and most preferably
up to about 0.50 hours. This pre-conditioning step provides
turther significant improvement 1n dissolution resistance with
a small cost 1n a 20-30% loss of adhesion properties.

7. Softening of the Densified Chitosan Matrix

Desirably, the conditioned, densified chitosan matrix 12 1s
subjected to a further softening process, which lends
enhanced flexibility and compliance.

The softenming process can be accomplished by the use of
certain plasticizing agents in solution with the chitosan. How-
ever, plasticizing may be problematic, because certain plas-
ticizers can change other structural attributes of the assembly.

For this reason, the softening process 1s desirably accom-
plished by the mechanical mampulation of the densified chi-
tosan matrix. The mechanical mampulation can be accom-
plished in various ways. In a representative embodiment (see
FIG. 22) the densified chitosan matrix 1s passed through a
softening device 52.

In the illustrated embodiment (see FIG. 23), the softening
device 52 comprises an array of upper and lower rollers 54
and 356. The upper rollers 54 are longitudinally spaced apart
along parallel axes. The lower rollers 56 are also spaced apart
along parallel axes, which are also parallel to the axes of the
upper rollers 54. The lower rollers 56 are further arranged in
a staggered relationship relative to the upper rollers 54, such
that each lower roller 56 1s spaced below and between two
spaced apart upper rollers 54 (see FIG. 24), providing an
undulating path between the upper and lower rollers 54 and
56. The distance between opposing upper and lower rollers 54
and 56 forming the path is slightly less than the thickness of
the densified chitosan matrix.

As aresult (see FIG. 24), during passage through the undu-
lating path, the densified chitosan matrix 12 1s subject to
transverse compression or kneading as well as longitudinal
bending along both sides of the matrix 12.

A drive motor 58 (see FI1G. 22) 1s linked by a suitable drive
mechanism 60 to the rotate the rollers 54 and 56 (see FI1G. 24)
to draw the supple densified chitosan matrix 12 through one
end of the path and discharge the supple densified chitosan
matrix 12 from the opposite end of the path.

As shown 1 FIG. 22, the softening device 52, if desired,
can further include a second softening array 62, arranged
either before or after the first array of upper and lower rollers
54 and 56. The second softening array 62 1s sized and
arranged to compress or knead the supple densified chitosan
matrix 12 along 1ts longitudinal axis, 1.e., along the length of
the matrix 12 1n a direction mnety degrees from the transverse
(or width) compression or kneading provided by the first
array of upper and lower rollers 54 and 56. In this arrange-
ment (see FIGS. 25 and 26), the second softening array 62 can
comprise an upper and lower array of wheels 64 and 66
arranged for rotation about an axis across the width of matrix
12. The upper wheels 64 are spaced apart along the upper
axis, and the lower wheels 66 are spaced apart along the lower
ax1s below and between the spaced apart upper wheels 64 (see
FIG. 25). The distance between two upper wheels 64 and an
intermediate lower wheel 66 1s slightly less than the thickness
of supple densified chitosan matrix. A drive motor 68 and
suitable drive linkage can be provided to draw the supple
densified chitosan matrix 12 between the wheels 64 and 66
(see F1G. 26). During passage between the wheels 64 and 66,
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the supple densified chitosan matrix 1s subject to compression
or kneading along its longitudinal axis.

The softening device 52 provides gentle, systematic
mechanical softening of the supple densified chitosan matrix
12. The gentle, systematic mechanical softening of the supple
densified chitosan matrix improves its inherent suppleness
and compliance, without engendering gross failure of the
assembly 10 at its time of use.

The softening device 352 as just described can be used to
improve the flexibility and compliance of any hydrophilic
polymer sponge structure after manufacture, without loss of
beneficial features of robustness and longevity of resistance
to dissolution. While the methodologies are described 1n the
context of the supple densified chitosan matrix, 1t should be
appreciated that the methodologies are broadly applicable for
use with any form of hydrophilic polymer sponge structure,
of which the supple densified chitosan matrix 12 is but one
example.

The supple densified chitosan matrix 12 1s cut to the form

assemblies having the desired shapes and sizes, as shown 1n
FIG. 5.

8. Secure the Backing Layer to the Densified Chitosan
Matrix

The backing layer 14 1s secured to the chitosan matrix 12 to
form the tissue dressing assembly 10. If the backing layer 14
1s secured by melt adherence with a top layer of chitosan
matrix 12, the backing layer i1s desirably adhered during the
application of heat and pressure during the densification pro-
cess 1tselt (Step S above).

0. Placement 1n the Pouch

The tissue dressing assembly 10 can he subsequently pack-
aged 1n the pouch 16, as previously described. The pouch 16
1s desirably purged with an inert gas such as either argon or
nitrogen gas, evacuated and heat sealed. The pouch 16 acts to
maintain interior contents sterility over an extend time (at
least 24 months) and also provides a very high barrier to
moisture and atmospheric gas infiltration over the same
period.

10. Sterilization

After pouching, the tissue dressing assembly 10 1s desir-
ably subjected to a sterilization step. The tissue dressing
assembly 10 can be sterilized by a number of methods. For
example, a preferred method 1s by irradiation, such as by
gamma 1rradiation, which can further enhance the blood dis-
solution resistance, the tensile properties and the adhesion
properties of the wound dressing. The 1rradiation can be con-
ducted at a level of at least about 5 kGy, more preferably a
least about 10 kGy, and most preferably at least about 15 kGy.

11. Incorporation of Therapeutic Agents

One or more therapeutic agents can be 1incorporated into
the chitosan matrix 12, e.g., either belfore or after the freezing
step, and before the drying and densification steps. The rate at
which the therapeutic agents are released from the matrix can
be controlled by the amount of densification. The more den-
sified the hydrophilic polymer sponge structure 1s made to be,
the slower will be the rate of release of the therapeutic agent
incorporated into the structure.

Examples of therapeutic agents that can be incorporated
into the chitosan matrix 12 include, but are not limited to,
drugs or medications, stem cells, antibodies, anti-microbials,
anti-virals, collagens, genes, DNA, and other therapeutic
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agents; hemostatic agents like fibrin; growth factors; platelet
polyphosphate, and similar compounds.

EXAMPLE 1

Sealing Renal Parenchymal Wound Following
Laproscopic Partial Nephrectomy

Nephron sparing surgery (NSS) has become a standard
treatment in patients with a compromised contralateral kid-
ney or in select patients with a favorably located, small renal
tumor with a normal contralateral kidney.

While mimimally 1nvasive surgery 1s becoming established
for radical nephrectomy, similar approach for nephron spar-
ing surgery have been limited largely due to technical 1ssues
such as achieving adequate renal parenchymal hemostasis,
and secure caliceal closure. Due to these technical difficulties
associated with minimally invasive approach the current
complication rates related to urinary leakage and hemorrhage
tollowing laparoscopic partial nephrectomy (LPN) remains
significantly higher than the open NSS.

At present time, LPN remains technically challenging due
to, lack of a reliable method for obtaining consistent paren-
chymal hemostasis, and the technical difficulties in obtaining
secure suture closure of the renal collecting system. Various
topical sealants including fibrin glue, gelatin resorcinol form-
aldehyde glue, and oxidized cellulose or gelfoam sponges are
frequently used alone or in conjunction with specialized
instrumentation and agents to assist hemostasis. However,
these topical preparations mostly require renal hilar vascular
control during the application and are unable to seal urinary
collecting system effectively. Moreover, the currently topical
preparations are mostly composed ol heterogenic protein,
which may bear a potential risk of severe allergic reaction and
possible viral contamination.

An absorbable tissue dressing assembly 10 comprising a
chitosan matrix 12 frozen, freeze dried, densified, and soft-
ened, as described herein) with a poly-4-hydroxy butyrate
backing layer 14 (TephaFlex™ Material manufactured by
Tepha Inc) (the “chitosan hemostatic dressing”) was evalu-
ated for renal parenchymal wound sealing to control hemor-
rhage and urine leakage in laparoscopic partial nephrectomy
(LPN). The chitosan hemostatic dressings used were 58 mm
in diameter and between 1.5 mm to 1.85 mm thick with a
density, after densification, of between 0.12 g/cm” and 0.15
g/cm”. The poly-4-hydroxy butyrate backing layer 14 was
25-um thick. The backing side faces up on application and the

other side, or “active side”, 1s the side directly applied to the
wound surface.

Forty-five LPN were performed on twenty-four domestic
swine. Alter excision of the lower pole of the kidney, either
the chitosan hemostatic dressing (N=24) was applied to seal
the wound, or conventional suture technique (N=21) (the
control group) was used to control bleeding. The operative
parameters included estimated blood loss (EBL) and opera-
tive time (OT) were recorded. The animals were euthanized at
1 hour, 3 days and 7 days postoperatively. Retrograde ure-
teropyelography was performed to assess the urine leakage.

All animals achieved 1nitial hemostasis and survived with
both treatments. Mean EBL was significantly lower when the
chitosan hemostatic dressing was used, when compared to 1t
in the control group (128 ml EBL for the chitosan hemostatic
dressing vs. 363 ml EBL for the control group, p=0.04).

There was no significant difference 1n OT between the two
treatments.

In the control group, all kidneys present urine leakage after
LPN in both acute and chronic periods. In the chitosan group,
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8% (112) of kidneys had acute urine leakage, 33% of them
developed small urinoma at postoperative day 3 and 7,

respectively. Histopathological analysis showed similar and
mild mformatory responses 1n both groups.

The chitosan-based hemostatic dressing proved effective
as a primary or supplemental treatment for sealing the paren-
chymal wound 1n laparoscopic partial nephrectomy 1in the
amimal model.

EXAMPLE 2

Use of a Chitosan-Based Hemostatic Dressing 1n
Laproscopic Partial Nephrectomy

An absorbable tissue dressing assembly 10 comprising a
chitosan matrix 12 frozen, freeze dried, densified, and soft-
ened, as described herein) with a poly-4-hydroxy butyrate
backing layer 14 (TephaFlex™ Material manufactured by
Tepha Inc) (the “chitosan hemostatic dressing”) was evalu-
ated for renal parenchymal wound sealing to control hemor-
rhage and urine leakage by sealing off the renal parenchymal
wound surface in LPN procedures.

The chitosan hemostatic dressings used were 58 mm in
diameter and between 1.5 mm to 1.85 mm thick with a den-
sity, after densification, of between 0.12 g/cm” and 0.15
g/cm”. The poly-4-hydroxy butyrate backing layer 14 was
50-um thick. The backing side faces up on application and the
other side, or “active side”, 1s the side directly applied to the
wound surface.

Nine heparinized domestic swine underwent bilateral lap-
aroscopic partial nephrectomies mnvolving either a polar
(N=13) or wedge resection (N=3) followed by treatment with
the chitosan hemostatic dressing. Estimated blood loss,
hemostatic score, urinary leakage, operative time and adhe-
s1on score of the chitosan dressing were recorded.

After induction of general anesthesia, all the procedures
were performed under general anesthesia with intubation
using strict aseptic precautions. The animal was placed 1n a
lateral position and CO2 pneumoperitoneum was created
using a 14-gauge Veress needle. Two 10 mm and two 5 mm
ports were placed. A bolus of 5000 units of intravenous hep-
arin was grven 10 minutes prior to operation and additional
bolus dosages of 1000 units were given intraoperatively every
30 minutes as required in order to maintain the activated
clotting time (ACT) over 200 seconds and rechecked through-
out the surgical procedure. ACT was rechecked every 30
minutes. If ACT dropped below 200 additional 1000 units of
heparin were re-given until 1t was above 200.

The kidney was 1dentified and following exposure of renal
hilum both the poles were completely mobilized. Either an
upper or a lower polar, or a wedge resection was performed
using a harmonic scalpel (Ethicon Endosurgery, Cincinnati,
Ohi1o) without hilar occlusion. In the polar resection, at least
one third of renal tissue was resected; 1n the wedge resection,
an approximate 3 cm in depth and 3 cm 1n width tissue was
removed from middle of kidney, which making sure the col-
lecting system was entered by visual confirmation. The hem-
orrhage through the parenchymal surface of the kidney was
assessed visually by assigning a 0-4 hemostatic score (0=no
hemostasis; 1=steady bleeding; 2=moderate bleeding;
3=mild oozing; and 4=dry).

An appropriate sized piece of chitosan dressing was deliv-
ered through a 10-mm port and deployed onto the resected
surface for 3 minutes with gentle compression using a 10-mm
fan retractor (Endo Retract, Auto Suture[ |, U.S Surgical,
Norwalk, Conn.). Hemostatic score was recorded again. The
ability of the dressing to adhere securely to the entire cut
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surface of the renal parenchyma was assessed on a numeric
scale of 0-5 (O=no adhesive; 1=weakly adhering to one small
portion of surface; 2=uniformly but weakly adhering to
whole surface; 3=general weak with some moderate adher-
ence; 4=limited but strong local adherence; and 5=uniform
strong adherence). In case of non or incomplete adherence of
the dressing to the renal parenchyma the dressing was
removed and a second piece was deployed. The numbers of
attempts required for successiul deployment were recorded.
After completion of satisfactory hemostasis and secure adhe-
sion of the dressing on one side, the animal was turned onto
the contralateral side and the procedure was repeated.

Once both sides had achieved 1nitial hemostasis, the abdo-
men was deflated and additional 30 minutes were given to
observe the stability of the repairs. Pneumoperitoneum was
reestablished and the repair sites were reassessed laparo-
scopically for any evidence of rebleeding or urinary extrava-
sation and to obtain the final hemostatic score. A retrograde
pyelography was performed to assess the integrity of the
collecting system and pyelocaliceal urinary leakage via bilat-
eral ureteral catheterization under cystotomy. Finally the ani-
mals were euthanized and both kidneys were removed
through midline laparotomy for gross assessment of the qual-
ity of adhesion of the dressing. A thumbprint of the resected
portion of the kidney was obtained on a graph paper to deter-
mine the area of resection.

Of 18 procedures, 17 achieved complete hemostasis after
deployment of the chitosan hemostatic dressing. The hemo-
stasis score improved significantly after the deployment 1n
both polar (p<0.001) and wedge (p=0.017) resections. The
rate of successiul pyelocaliceal sealing was 85% (1%13) 1n
polar and 60% (35) 1n wedge resections.

The chitosan hemostatic dressing 1s effective as a primary
or supplemental maternial for controlling parenchymal hem-
orrhage and sealing the renal collecting system following
LPN 1n the animal model.

Due to characteristic physical properties of chitosan hemo-
static dressing, secure application of this material 1s feasible
and technically less challenging following LPN. For the best
result 1t 1s necessary to hold the dressing firmly and steady
against the wound surface of renal resection for approxi-
mately 3 minutes during the operation.

In the case of polar resection, this goal 1s easily accom-
plished with commercially available fan-type retractor. All of
the polar resections achieved complete hemostasis with this
technique (100%, '3/13) within a reasonably short duration of
time.

Closure of pyelocalceal system traditionally requires
watertight suture closure. Laparoscopically this task 1s tech-
nically challenging and time consuming. The ability of the
chitosan hemostatic dressing to adhere strongly to the freshly
incised raw surface of the solid organs provides a unique
opportunity to seal the pyelocalceal system. The chitosan
hemostatic dressing was able to seal the pyelocalceal system
securely without any evidence of urinary leakage on follow-
up retrograde pyelography in majority (85%, '/13) of the
polar resections. The success rate was about the same or better
than that reported with traditional techniques.

In the case of wedge resections, the amount of blood loss
and the number of attempts required to apply the dressing
were relatively greater. Also the quality of adhesion of the
chitosan hemostatic dressing to the freshly incised renal
parenchyma was poorer leading to worse hemostatic scores
and higher rate of urinary leakage (25, 40%). Typically, appli-
cation of the chitosan hyemostatic dressing via laparoscopic
approach 1n wedge resections 1s more technically challenging
due to the awkward V-shape configuration of the renal paren-
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chymal mjury and a lack of appropriate instruments that
would allow maintenance of firm and uniform firm pressure
over the dressing for three minutes (the minimum desired
time for achieving secure adhesion of the dressing). Further
developments are required to improve instrumentation for the
deployment of the chitosan dressing 1n laparoscopic wedge
resections.

The chitosan hemostatic dressing provides an easy and
rapid method to control bleeding and seal the parenchymal
wound surface. Use of the chitosan dressing can simplify
LPN procedure to save operative time, and 1t can be used
without hilar wvascular occlusion to avoid renal warm
ischemia. Clinical situations for possible use of the chitosan
dressing 1n laparoscopic surgery are numerous. Bleeding
from visceral organs atfter routine biopsy and resection, portal
bleeding, or more severe bleeding from hilar vascular injury,
and surgical bleeding from coagulopathy patients can be con-
trolled using the chitosan hemostatic dressing as well.

This example presents promising results for achieving
immediate hemostasis and sealing urinary leakage with the
use of the chitosan hemostatic dressing following laparo-
scopic polar or wedge resection of the kidney in a porcine
model. The technique 1s techmically less demanding and
allows rapid control of hemorrhage and sealing of severed
pyelocaliceal system. The technique also has several potential
applications including laparoscopic control of hemorrhage
form solid organs as a result of surgical injury or following
trauma.

I1I. Conclusion

It should be apparent that above-described embodiments of
this invention are merely descriptive of 1ts principles and are
not to be limited.

We claim:

1. An absorbable tissue dressing assembly comprising

a tissue dressing matrix including an absorbable hydro-
philic polymer material;

a flexible absorbable polymer film or mesh backing layer
including at least one of absorbable aliphatic polyesters,
aliphatic polyurethanes, hyaluronic acid, a hyaluronate,
and a poly-hydroxyl butyrate matenal; and

wherein the backing layer includes at least one of a woven
nano-fiber material and a woven micro-fiber material.

2. An assembly according to claim 1

wherein the absorbable hydrophilic polymer material com-
prises a chitosan material.

3. An assembly according to claim 2

wherein the backing layer 1s bonded by direct adhesion
with a top layer of the absorbable hydrophilic polymer
material.

20

4. An assembly according to claim 1

wherein the tissue dressing matrix includes spherulitic
nucleated structures within a lamella structure.

5. A method of manufacturing an absorbable tissue dress-

5 1ng assembly as defined 1n claim 4 comprising the following
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steps:

subjecting a solution of a chitosan hydrophilic polymer to
phase separation by a controlled freezing process that
includes a delay interval, followed by a controlled
freeze-drying or lyophilization water removal step that
occurs at a temperature below the collapse temperature
to create the tissue dressing matrix; and

subjecting the tissue dressing matrix, after freeze-drying or
lyophilization to a densification process.

6. An assembly according to claim 1

wherein the backing layer presents an increased surface
area that can accelerate biodegradation.

7. An assembly according to claim 1

wherein the tissue dressing matrix 1s sized and configured
to define a perimeter edge, and the backing layer 1s sized
and configured to extend beyond the perimeter edge to
present a skirt of material to recetve suture material or
staples.

8. An assembly according to claim 1

wherein the tissue dressing matrix 1s sized and configured
to define an elongated strip having opposite ends, so that
the elongated strip can be wrapped around a site, and
wherein the backing layer 1s placed at one opposite end
of the elongated strip.

9. An assembly according to claim 8

wherein the site 1s a blood vessel and the elongated strip
can be wrapped around the blood vessel without collaps-
ing the vessel on 1tself.

10. A method comprising

providing an absorbable tissue dressing assembly as
defined 1n claim 1; and

performing a laparoscopic procedure using the absorbable
tissue dressing assembly.

11. A method according to claim 10

wherein the laparoscopic procedure includes at least one of
an abdominal aortic aneurysmectomy; spleen, liver, kid-
ney, or gallbladder surgeries; open heart and bypass
procedures; hysterectomies; total joint arthoplasties,
burns and face lifts; radical neck dissections; trauma
such as gun shot, knife wounds, wound debridement;
spinal fusions and laminectomies; bowel and colon
resections; radial prostatectomies; vascular anasto-
moses; and laparoscopic nephrectomies.
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